Background: Despite the advancement of microsurgical and endoscopic techniques, some
INTRODUCTION
Pituitary adenomas are relatively common tumors, and, in fact, they are found in 10%-27% of the general population.
1,2 Nonfunctioning pituitary adenomas (NFPAs) do not secrete a pituitary hormone, but they may exhibit immunohistochemical positivity for one or more hormones. NFPAs comprise approximately one-third of all pituitary adenomas. Most NFPAs exhibit symptoms as a result of mass effect on adjacent structures such as the optic apparatus, the normal pituitary gland or stalk, or cranial nerves traversing the cavernous sinus. Historically, many NFPAs are diagnosed as macroadenomas. However, in part with the increasing access to neuroimaging modalities such as MRI, nonfunctioning ones can also be found incidentally and diagnosed as microadenomas.
Pituitary adenomas represent challenging clinical entities that neurosurgeons must contend with. Surgical resection, typically through a transsphenoidal corridor, is the upfront treatment for NFPAs. However, some NFPAs can be difficult to cure with surgery alone. Tumor recurrence or incomplete resection can occur in many pituitary adenoma patients. Nearly a century ago, Harvey Cushing realized the limitations of microsurgical approaches for treating pituitary adenomas. Cushing and his colleagues used a radium bomb to deliver a single-session, focused radiation to treat pituitary adenomas.
3, 4 Henceforth, neurosurgeons and radiation oncologists have employed repeat resection or ionizing radiation to treat selected patients with recurrent or residual pituitary adenomas.
Authors perform a systematic review of the treatment options for residual or recurrent NFPAs. In this review, authors critically evaluate the evidence to support the options of repeat microsurgical resection, stereotactic radiosurgery (SRS), stereotactic radiotherapy (SRT), and fractionated radiation therapy (XRT). In addition, authors provide guidelines for the use of the approaches in the management of recurrent or residual NFPAs. These guidelines are based upon the evidence currently available in the published literature.
METHODOLOGY

Process Overview
The evidence-based clinical practice guideline task force members and the Tumor Section of the American Association of Neurological Surgeons (AANS) and the Congress of Neurological (CNS) conducted a systematic review of the literature relevant to the management of NFPAs. Additional details of the systematic review are provided below and within the introduction and methodology chapter of the guideline.
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Literature Search
The task force collaborated with a medical librarian to search for articles published from January 1, 1966, to October 1, 2014. Authors searched 2 electronic databases, PubMed and The Cochrane Central Register of Controlled Trials. Strategies for searching electronic databases were constructed by the evidence-based clinical practice guideline taskforce members and the medical librarian, using previously published search strategies to identify relevant studies (Appendix A). [5] [6] [7] [8] [9] [10] [11] [12] The Cochrane Library was searched for all NFPA articles. There were no specific Cochrane reviews for pituitary adenomas. Therefore, all appropriate references were found in the aforementioned PubMed search.
Statistical Analyses of Pooled Data
To compare the tumor control rates between patients who underwent adjuvant radiation therapy and patients who were treated conservatively, the pooled data were analyzed using Review Manager version 5.2.8 (The Nordic Cochrane Centre; The Cochrane Collaboration, 2012). The tumor control rates were extracted for the patients who underwent SRS, SRT, and XRT as adjuvant treatment, and for patients who chose observation. Studies with tumor control rates of NFA comparing adjuvant SRS and observation were included in the meta-analysis. Odds ratios for individual studies and the sum of the included studies were computed using the Mantel-Haenszel test.
Under the assumptions of possible clinical diversity among the included studies, the random effects model was implemented in the analyses for this review. Study heterogeneity was detected using the chi-square and I 2 test statistics. In general, a small number of studies in the analyses lower the power of the chi-square test. Therefore, both a chi-square value within the 10% (P < .10) and a I 2 value exceeding 50% were required for significance.
RESULTS AND DISCUSSION
The search resulted in 95 articles, and 46 were excluded based on the inclusion and exclusion criteria mentioned above according to the title and abstract. The remaining 49 articles were included, and these were as follows: outcome of repeat surgical resection (n = 4), outcome of radiosurgery (ie, single-session or hypofractionated stereotactic radiosurgery [SRS]) (n = 24), or fractionated radiotherapy (ie, stereotactic radiotherapy [SRT], conventional fractionated radiotherapy [XRT]) (n = 21) ( Figure 1 ). This review highlights the most important contributions on the treatment efficacy in residual/recurrent NFPA of surgical approaches, on radiosurgery, and on studies aimed at the identification of new markers in relation to tumor behavior or response to treatment.
Repeat Resection
Although a few studies have assessed the long-term results of surgery alone as a definitive treatment for NFPAs, the recurrence after initial resection has been noted to be as high as 44%-75% within a 10-year period of time after resection. [13] [14] [15] [16] Those with cavernous sinus invasion, larger tumor remnant, and extrasellar location (ie, cavernous sinus invasion) were more likely to exhibit tumor regrowth. Factors portending a more favorable chance of tumor control were those with a smaller tumor remnant and older age. [17] [18] [19] [20] Therefore, for the residual NFAs that were tending to grow, the adjuvant treatment was suggested, either repeated surgery SRS or radiation therapy.
Four studies of repeat resection met inclusion for this guidelines project (Table 1) . Of these studies, all represented retrospective, class III evidence. [21] [22] [23] [24] In a study by Cappabianca et al, 21 repeat resection was carried out with an endoscopic, transsphenoidal approach. Gross total resection was achieved in 2 of 6 patients; no hypopituitarism or other complications were noted. In another larger study, Cavallo et al 22 performed repeat endoscopic resection via a transsphenoidal approach, and they achieved gross total resection of 62%. Prior microsurgical resection portended a greater chance of gross total resection, whereas prior endoscopic resection was related to a lower rate of gross total resection. In the largest of the studies by Chang et al, 23 visual deterioration was seen in 5%, permanent diabetes insipidus in 1.2%, transient diabetes insipidus in 4.9%, meningitis in 2.5%, postoperative hematoma in 2.5%, and perioperative mortality in 1.2%.
Thus, repeat resection for an NFPA would seem reasonable for those with larger, symptomatic residual or recurrent tumors (ie, optic compressive neuropathy, other cranial nerve dysfunction, or hydrocephalus). The use of specific surgical approaches depends on the location of a residual/recurrent tumor. A lesion invading the cavernous sinus, suprasellar region, or even the hypothalamus is usually more difficult to treat via surgical resection, although some neurosurgeons have great experience in pterional, subfrontal, or interhemispherical approaches. There is insufficient evidence in the literature to recommend one particular surgical technique (ie, endoscopic versus microscopic) for those requiring repeat resection. While most recent publications are focused on comparing the conventional microsurgical approach to the endoscopic approach, the evidence does not show that the endoscopic TSS approach for residual/recurrent NFPA is superior to the microscopic TSS approach in terms of the rate of gross total resection or the endocrinological outcome, although the endoscopic approach did reduce hospital stay (class III evidence), perioperative morbidity (lumbar drains or labial complications), and patient discomfort as compared to the microscopic approach. However, there is one report that suggests that the application of a different approach than the one used in the initial resection may be helpful for gross total resection of residual/recurrent NFPA. 22 Similarly, a few studies demonstrated some advanced surgical techniques such as intraoperative optic nerve identification, intraoperative MRI, [25] [26] [27] or with pituitary transposition to reduce the rate of incomplete resection.
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Although there is no direct comparison, second transsphenoidal approaches appear to convey higher complication rates, varying from 1%-22%.
17, 21-24 The complications include hypopituitarism (<5%), cerebrospinal fluid (CSF) leakage (1.5%-2.5%), postoperative hyponatremia (3.7%), transient or permanent diabetes insipidus (<5%), visual deterioration (<5%), meningitis (2.5%), hematoma on the tumor bed (1.7%), epistaxis, sinusitis, and anesthetic risks. Incomplete resection or failure to identify the remaining adenoma secondary to obscured anatomy can also occur during repeat resection.
Stereotactic Radiosurgery for Residual/Recurrent Nonfunctioning Pituitary Adenomas
In 1951, Lars Leksell, a neurosurgeon, devised the concept of SRS. He described SRS as the "closed skull destruction of an intracranial target using ionizing radiation."
29 Seventeen years later, Leksell treated the first pituitary adenoma patient using the Gamma Knife.
SRS delivers a precisely focused and high dose of ionizing radiation to the target while sparing surrounding structures of appreciable radiation. Radiosurgery is usually delivered in a single session, but it may be delivered in up to 5 sessions (ie, fractions) in recent SRS models. 30 For cobalt-based SRS devices such as the Gamma Knife, the steepest gradient index is achieved around the 50% isodose line, whereas for linear accelerators (LINACs)-based radiosurgical systems, it is usually achieved at an 80% to 90% isodose line. As such, a radiosurgical dose plan with the Gamma Knife will have more heterogeneity within the target volume than a LINACbased treatment. A margin dose of 12 to 20 Gy is frequently used for single-session radiosurgery of NFPAs.
For treating NFPAs, careful attention to the neuro-anatomy is important, and this holds true for both radiosurgery and fractionated radiation therapy. Accurate contouring of the target and adjacent critical structures is required. In order to develop an accurate dose plan, a patient undergoes at least one type of stereotactic neuroimaging. For pituitary adenoma patients, this is most frequently a stereotactic MRI and/or CT. During radiosurgical delivery, semi-rigid or rigid target immobilization of the patient's cranium is utilized. Patients are immobilized using rigid frames fixed to the skull or other immobilization such as thermoplastic masks or bite blocks. Each immobilization device has a stereotactic coordinate system. Radiosurgery is image guided, and it reliably confers sub-millimeter accuracy for intracranial targets. With the use of onboard imaging systems (eg, cone beam CT or orthogonal X-rays) or patient movement detection systems (eg, systems with vacuum detection for patient motion or infrared tracking), patient tracking and compensation for errors (eg, set-up error, patient movement, etc) can be made. The literature review revealed the routine use of commercially available radiosurgical delivery devices including the Gamma Knife (Elekta AB, Crawley, United Kingdom), modified linear accelerators (LINACs) such as Novalis (Brainlab, Munich, Germany) and Cyberknife (Accuray, Sunnyvale, California), and proton beam units.
Regarding outcome of SRS for recurrent or residual NFAs, we identified 24 studies that met the predefined study criteria. Of these, 2 studies were Class II evidence, 31,32 whereas the remaining represented Class III evidence (Table 2) . Overall, tumor control of NFPAs with SRS varied from 83% to 100% (Table 2 ). In a casecontrolled (ie, Class II) study by Picozzi et al, 31 5-year progression-free survival in radiosurgically managed NFA patients was 89.8% compared to 51.1% in untreated NFA patients. In the largest study to date, Sheehan et al 33 demonstrated progression-free survival at 3, 5, 8, and 10 years of 98%, 95%, 91%, and 85%, respectively. Those with a smaller adenoma volume were more likely to exhibit post-SRS tumor control, whereas those with suprasellar extension were less likely to do so. Other studies, including those from Park et al, 36 Starke et al, 34 and Gopalan et al, 38 demonstrate the diminished effectiveness of radiosurgical tumor control for larger-volume adenomas. In addition, lower radiosurgical margin dose, particularly below 12 Gy, appears to confer a lower rate of long-term tumor control. 44, 45, 50 While most of the radiosurgical literature was composed of Gamma Knife-based series, several linear accelerator-based radiosurgical series afforded a high rate of NFA control.
35,37
For complication after SRS, hypopituitarism is the most frequently occurring unintended side effect of radiosurgery for an NFA. Rates of hypopituitarism ranged from 0% to 39% in the identified series (Table 2 ). The second most common side effect from radiosurgery is a cranial neuropathy. Optic nerve dysfunction varied from 0% to 12.8%. Other deficits involving cranial nerves III, IV, and VI varied from 0% to 13.7% (Table 2 ). In the identified studies, no cases of radiation-induced neoplasia or cerebral ischemia were noted from SRS of an NFPA.
Fractionated Radiation Therapy for Residual/Recurrent Nonfunctioning Pituitary Adenomas
Conventional fractionated radiation therapy includes various types, such as conventional fractionated radiotherapy (XRT), charged particle (most frequently proton [PBRT] or carbon ion) radiotherapy, intensity modulated radiotherapy (IMRT), and stereotactic radiotherapy (SRT). Radiotherapy has been utilized for decades to treat patients with NFPAs. Four-field techniques for the skull base used anterior-posterior and lateral opposing fields. The technique of radiation therapy has undergone substantial technological leaps over the past decade. As such, a fourfield approach has been supplanted by techniques such as 3-dimensional conformal radiation therapy and intensity-modulated therapy. During radiation therapy, the patient's head is usually immobilized in a tight-fitting mask. Common fractioned doses to pituitary adenomas are 45 to 54 Gy at 1.8 to 2 Gy per fraction per day. Four to 5 fractions are delivered per week over the time span of 5 to 6 weeks.
Utilizing the aforementioned search criteria, we identified 20 XRT/SRT studies that met inclusion criteria (Table 3) . Of these studies, 4 studies represent Class II evidence, 55-58 while the remaining studies represent Class III evidence. 37, [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] In the studies, tumor control following XRT or SRT varied from 74% to 100% (Table 3 ). In one large and long-term study comprising 120 patients with a mean follow-up of 108 months, progression-free survival was noted to be 87.5%, 77.6%, and 64.7% at 10, 20, and 30 years after XRT, respectively. 68 In a study by Woollons et al, 58 in 72 patients with a mean follow-up of 64 months and representing Class II evidence, radiation therapy resulted in tumor control in 74% of patients as compared to 54% in pituitary adenoma patients not treated with XRT. In another study by Park et al, 57 early XRT resulted in an improvement in tumor control as compared to observation alone.
For the complications after XRT and SRT, immediate side effects may include nausea and some fatigue. These symptoms are usually mild, but they may last 1 to 2 months after radiation treatment. Hair loss at the entry sites, decreased taste, and diminished olfaction can also occur after XRT and SRT. Similar to SRS, the most common side effect after XRT and SRT is radiationinduced hypopituitarism. Hypopituitarism in the studies that met inclusion criteria ranged from 0% to 88% (Table 3) . Using conventional dose and fractionation schemes, the rate of radiationinduced damage to the visual pathways with XRT is 1% to 5% (Table 3) . Rare instances of radiation-induced tumor formation (eg, parasellar fibrosarcomas), cerebral ischemia from carotid stenosis, and neuropsychological or cognitive changes have also been described. The risk of cognitive changes is an important area for future investigation, ideally comparing XRT to SRS, as outlined at the end of this manuscript. Cerebrovascular complications following radiation therapy were noted to be 4.5% in the series by Langsenlehner et al. 61 In Breen's series of 120 patients previously noted, radiation-induced neoplasia occurred in 1.7% of patients.
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Comparing Repeat Resection, Stereotactic Radiosurgery, and Radiation Therapy There is no Class I comparison of repeat resection, XRT, and SRS for recurrent/residual NFPAs. Resection is typically utilized in those with larger adenomas for whom relief of mass effect is desired. Patient preference and fitness for a repeat surgery will also naturally impact the decision to proceed with a repeat resection.
Meta-analysis from 5 Class II studies with recurrence rates for both adjuvant radiation therapy and observation demonstrated that fractionated radiation therapy for residual/recurrent NFA offered a lower rate of recurrence (OR = 0.04; 95% CI: 0.01-0.20; P < .0001). The analysis also demonstrated significant heterogeneity between the included studies (Chi 2 = 20.70; P = .003; I 2 = 81%). The result of the meta-analysis was demonstrated in Figure 2 .
In terms of specific radiation treatment modalities, clinicians must select the approach (SRS, IMRT, PBRT, SRT, or XRT) that permits a highly targeted irradiation of the NFPA while still achieving a dose considered tolerable to adjacent critical structures based upon radiotoxicity guidelines such as the Quantitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC) studies.
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CONCLUSION
For patients with residual or recurrent NFPA, long-term tumor control can be achieved with radiation, with modalities including SRS, SRT, IMRT, PBRT, or XRT. For those with a known residual adenoma, radiographic signs of progression make for a more compelling reason to intercede and retreat the adenoma. Radiographic signs of progression in the setting of younger patients or patients with symptoms attributable to progression should be considered even more strongly for intervention.
Delayed hypopituitarism is the most common complication after SRS, SRT, IMRT, PBRT, or XRT. Other serious complications after SRS, SRT, IMRT, PBRT, and XRT are rare. Patients with residual or recurrent NFPAs undergoing repeat resection, SRS, SRT, IMRT, PBRT, or XRT should have long-term follow-up.
Future Research
• The timing of SRS or XRT after prior resection warrants further investigation.
• While radiosurgery and radiation therapy are seldom used as an upfront treatment for patients with NFPAs, there are favorable but limited reports of initial SRS as a management for NFPAs. Further evaluation of this treatment approach is warranted.
• Similarly, the role of multisession (ie, hypofractionated) radiosurgery for NFPAs, particularly those exhibiting larger volumes or in close proximity to critical structures, has been explored in limited publications. Optimal dose and fractionation schemes, particularly for SRS of NFPAs, should be explored.
• The neurocognitive effects of SRS and XRT in pituitary adenoma patients warrants further study with the use of validated neurocognitive tests and appropriate assessment intervals.
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